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(57) ABSTRACT

A method for non-invasive detection of coronary artery
disease (CAD). The method includes acquiring a raw ECG
signal from a patient, generating a denoised ECG signal by
applying a first wavelet transform on the raw ECG signal,
generating an artifact-free ECG signal by applying a second
wavelet transform on the denoised ECG signal, generating a
filtered ECG signal by applying a band-stop filter on the
artifact-free ECG signal, extracting an averaged ECG signal
of'a plurality of averaged ECG signals from the filtered ECG
signal, detecting an ST segment in the averaged ECG signal
by applying a delineation algorithm on the averaged ECG
signal, detecting an isoelectric line in the averaged ECG
signal, determining an existence of CAD in the patient
responsive to detecting a CAD detection condition, and
determining a non-existence of CAD responsive to not
detecting the CAD detection condition.
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NON-INVASIVE DETECTION OF
CORONARY ARTERY DISEASE

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority from U.S.
Provisional Patent Application Ser. No. 62/768,915, filed on
Nov. 18, 2018, and entitled “A NOVEL SYSTEM AND
APPARATUS FOR TIMELY AND NONINVASIVE
DETECTION OF CORONARY ARTERY DISEASE
(CAD) ONLY BY INTELLIGENT ANALYSIS OF ELEC-
TROCARDIOGRAM (ECG),” which is incorporated herein
by reference in its entirety.

TECHNICAL FIELD

The present disclosure generally relates to signal process-
ing, and particularly, to biomedical signal processing.

BACKGROUND

Heart diseases are, generally, a leading cause of death
worldwide. Coronary artery diseases (CADs) are among
major heart diseases that cause myocardial ischemia and
myocardial infarction (MI). A major cause of heart attack is
a blockage of blood flow to heart muscles, caused by a
damage or disease in a heart’s major blood vessels (coronary
arteries). Before an occurrence of a heart attack, a heart’s
myocyte may experience lack of enough oxygen due to a
blockage of blood flow. A phase before an onset of any
necrosis in myocyte and an occurrence of MI is called
ischemia. Early detection of ischemia may be crucial
because in most cases, effects of myocardial ischemia may
be reversible if detected early enough. Myocardial ischemia
is commonly seen as a warning sign of cardiac problems.
Therefore, it may be beneficial for patients and cardiologists
to be able to recognize signs and symptoms of ischemia
before a permanent cardiac tissue death.

Electrocardiography (ECG) has been a major cardiovas-
cular diagnostic tool. In spite of a rapid progress in devel-
opment of new hardware and software approaches for ECG
detection, cardiologists still mainly rely on direct visual
assessment of ECG signals. However, in many myocardial
ischemia cases such as silent ischemia and stable coronary
heart disease, no specific changes may be observed in ECG,
and therefore, due to a lack of diagnostic accuracy and
frequent false alarms in ECG interpretation, electrocardio-
graphic-based analysis of such patients may not be deemed
reliable enough for cardiologists. There is, therefore, a need
for a method for early detection of CAD by processing ECG
signals that may include no observable change compared to
normal ECG signals.

SUMMARY

This summary is intended to provide an overview of the
subject matter of the present disclosure, and is not intended
to identify essential elements or key elements of the subject
matter, nor is it intended to be used to determine the scope
of the claimed implementations. The proper scope of the
present disclosure may be ascertained from the claims set
forth below in view of the detailed description below and the
drawings.

In one general aspect, the present disclosure describes an
exemplary method for non-invasive detection of coronary
artery disease (CAD). An exemplary method may include
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acquiring a raw electrocardiography (ECG) signal from a
patient, generating a denoised ECG signal by applying a first
wavelet transform on the raw ECG signal, generating an
artifact-free ECG signal by applying a second wavelet
transform on the denoised ECG signal, generating a filtered
ECG signal by applying a finite impulse response (FIR) filter
on the artifact-free ECG signal, extracting an averaged ECG
signal of a plurality of averaged ECG signals from the
filtered ECG signal, detecting an ST segment and an iso-
electric line in the averaged ECG signal, determining an
existence of CAD in the patient responsive to detecting at
least one of a plurality of CAD detection conditions, and
determining a non-existence of CAD responsive to not
detecting the at least one of the plurality of CAD detection
conditions. An exemplary filtered ECG signal may include
a plurality of QRS complexes.

In an exemplary embodiment, detecting the at least one of
a plurality of CAD detection conditions may include detect-
ing one of a depression or an elevation in the ST segment
with respect to the isoelectric line, detecting a deformation
in the ST segment, or detecting a plurality of abnormal
morphologies in the plurality of averaged ECG signals.

In an exemplary embodiment, acquiring the raw ECG
signal may include placing three precordial ECG leads on a
chest of the patient and recording the raw ECG signal from
the three precordial ECG leads.

In an exemplary embodiment, extracting the averaged
ECG signal may include extracting five consecutive QRS
complexes of the plurality of QRS complexes from the
filtered ECG signal.

In an exemplary embodiment, detecting the one of the
depression or the elevation in the ST segment may include
measuring variations of the ST segment with respect to the
isoelectric line, defining a first membership function asso-
ciated with the variations of the ST segment, calculating a
first membership value for the ST segment utilizing the first
membership function, and determining an existence of the
one of the depression or the elevation in the ST segment
responsive to the first membership value being equal to or
higher than a first threshold.

In an exemplary embodiment, detecting the deformation
in the ST segment may include detecting a T-wave and an
initial J-point in the averaged ECG signal, measuring a
difference between the initial J-point and the isoelectric line,
defining a second membership function associated with the
difference, calculating a second membership value for the
difference utilizing the second membership function, and
determining an existence of the deformation in the ST
segment responsive to the second membership function
being equal to or larger than a second threshold. In an
exemplary embodiment, detecting the T-wave may include
detecting a type of the T-wave. An exemplary type of the
T-wave may include one of a normal T-wave and an inverted
T-wave.

An exemplary method may further include determining a
modified J-point on the averaged ECG signal responsive to
detecting the inverted T-wave by modifying a location of the
initial J-point on the averaged ECG signal and replacing the
initial J-point with the modified J-point prior to measuring
the difference between the initial J-point and the isoelectric
line.

In an exemplary embodiment, detecting the plurality of
abnormal morphologies may include detecting each of the
plurality of abnormal morphologies in a respective averaged
ECG signal of the plurality of averaged ECG signals. In an
exemplary embodiment, detecting each of the plurality of
abnormal morphologies may include detecting an averaged
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QRS complex in the respective averaged ECG signal,
detecting an S-wave and an R-wave in the averaged QRS
complex, detecting an averaged J-point in the respective
averaged ECG signal based on the S-wave and the R-wave,
extracting an updated QRS complex from the averaged QRS
complex based on the averaged J-point, calculating a num-
ber of edges in the updated QRS complex, and determining
an existence of an abnormal morphology of the plurality of
abnormal morphologies in the respective averaged ECG
signal responsive to a temporal duration of the updated QRS
complex being less than a temporal threshold and the
number of edges being larger than a lower limit.

In an exemplary embodiment, detecting the plurality of
abnormal morphologies may include detecting the plurality
of' abnormal morphologies in at least 25% of the plurality of
averaged ECG signals. In an exemplary embodiment, the
plurality of averaged ECG signals may include a duration of
at least 10 minutes.

Other exemplary systems, methods, features and advan-
tages of the implementations will be, or will become,
apparent to one of ordinary skill in the art upon examination
of the following figures and detailed description. It is
intended that all such additional systems, methods, features
and advantages be included within this description and this
summary, be within the scope of the implementations, and
be protected by the claims herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawing figures depict one or more implementations
in accord with the present teachings, by way of example
only, not by way of limitation. In the figures, like reference
numerals refer to the same or similar elements.

FIG. 1A shows a flowchart of a method for non-invasive
detection of coronary artery disease (CAD), consistent with
one or more exemplary embodiments of the present disclo-
sure.

FIG. 1B shows a flowchart for acquiring a raw ECG
signal from a patient, consistent with one or more exemplary
embodiments of the present disclosure.

FIG. 1C shows a flowchart for determining an existence
of CAD in a patient based on an ST segment and an
isoelectric line, consistent with one or more exemplary
embodiments of the present disclosure.

FIG. 1D shows a flowchart for detecting one of a depres-
sion or an elevation in an ST segment, consistent with one
or more exemplary embodiments of the present disclosure.

FIG. 1E shows a flowchart for detecting a deformation in
an ST segment, consistent with one or more exemplary
embodiments of the present disclosure.

FIG. 1F shows a flowchart for detecting an abnormal
morphology in a respective averaged ECG signal of a
plurality of averaged ECG signals, consistent with one or
more exemplary embodiments of the present disclosure.

FIG. 2 shows a schematic of a system for non-invasive
detection of CAD, consistent with one or more exemplary
embodiments of the present disclosure.

FIG. 3A shows a raw ECG signal, consistent with one or
more exemplary embodiments of the present disclosure.

FIG. 3B shows a denoised ECG signal, consistent with
one or more exemplary embodiments of the present disclo-
sure.

FIG. 3C shows an artifact-free ECG signal, consistent
with one or more exemplary embodiments of the present
disclosure.

FIG. 3D shows a filtered ECG signal, consistent with one
or more exemplary embodiments of the present disclosure.
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FIG. 3E shows an averaged ECG signal, consistent with
one or more exemplary embodiments of the present disclo-
sure.

FIG. 3F shows a plurality of averaged ECG signals that
include a plurality of abnormal morphologies, consistent
with one or more exemplary embodiments of the present
disclosure.

FIG. 4 shows a diagram of a first membership function,
consistent with one or more exemplary embodiments of the
present disclosure.

FIG. 5 shows a high-level functional block diagram of a
computer system, consistent with one or more exemplary
embodiments of the present disclosure.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth by way of examples in order to provide
a thorough understanding of the relevant teachings. How-
ever, it should be apparent that the present teachings may be
practiced without such details. In other instances, well
known methods, procedures, components, and/or circuitry
have been described at a relatively high-level, without detail,
in order to avoid unnecessarily obscuring aspects of the
present teachings.

The following detailed description is presented to enable
a person skilled in the art to make and use the methods and
devices disclosed in exemplary embodiments of the present
disclosure. For purposes of explanation, specific nomencla-
ture is set forth to provide a thorough understanding of the
present disclosure. However, it will be apparent to one
skilled in the art that these specific details are not required
to practice the disclosed exemplary embodiments. Descrip-
tions of specific exemplary embodiments are provided only
as representative examples. Various modifications to the
exemplary implementations will be readily apparent to one
skilled in the art, and the general principles defined herein
may be applied to other implementations and applications
without departing from the scope of the present disclosure.
The present disclosure is not intended to be limited to the
implementations shown, but is to be accorded the widest
possible scope consistent with the principles and features
disclosed herein.

Herein is disclosed an exemplary method and system for
non-invasive detection of coronary artery disease (CAD).
An exemplary method acquires raw electrocardiography
(ECG) signals from a patient and after preprocessing
acquired signals, extracts averaged ECG signals from the
raw data. Exemplary averaged ECG signals include data of
consecutive heartbeats that may be averaged over one heart-
beat period. The averaged ECG signal may then be pro-
cessed to extract different features from the signal, including
a QRS complex, an ST segment, and signal morphology.
Based on a fuzzy decision making technique, the extracted
features may be analyzed to detect a CAD detection condi-
tion, such as an elevation/depression in the ST segment, a
deformation in the ST segment, or an abnormal morphology
in the QRS complex. This process may be repeated on
several parts of the raw ECG signal and if the CAD detection
conditions are detected in a considerable portion of acquired
data (i.e., a number of detections exceeds a given threshold),
CAD may be detected based on the ECG signal. Otherwise,
the acquired ECG signal may be considered normal.

FIG. 1A shows a flowchart of a method for non-invasive
detection of CAD, consistent with one or more exemplary
embodiments of the present disclosure. An exemplary
method 100 may include acquiring a raw electrocardiogra-



US 11,147,493 B2

5

phy (ECGQG) signal from a patient (step 102), generating a
denoised ECG signal by applying a first wavelet transform
on the raw ECG signal (step 104), generating an artifact-free
ECG signal by applying a second wavelet transform on the
denoised ECG signal (step 106), generating a filtered ECG
signal by applying a band-stop filter on the artifact-free ECG
signal (step 107), extracting an averaged ECG signal of a
plurality of averaged ECG signals from the filtered ECG
signal (step 108), detecting an ST segment and an isoelectric
line in the averaged ECG signal (step 110), and determining
an existence of CAD in the patient based on the ST segment
and the isoelectric line (step 112).

FIG. 2 shows a schematic of a system for non-invasive
detection of CAD, consistent with one or more exemplary
embodiments of the present disclosure. In an exemplary
embodiment, different steps of method 100 may be imple-
mented by utilizing an exemplary system 200. An exemplary
system 200 may include a plurality of ECG leads 202, an
ECG recorder 204, a memory 206, and a processor 208. In
an exemplary embodiment, plurality of ECG leads 202 may
be placed on a chest of a patient 210.

In further detail with respect to step 102, FIG. 1B shows
a flowchart for acquiring a raw ECG signal from a patient,
consistent with one or more exemplary embodiments of the
present disclosure. In an exemplary embodiment, acquiring
the raw ECG signal (step 102) may include placing three
precordial ECG leads on the chest of the patient (step 116)
and recording the raw ECG signal from the three precordial
ECG leads (step 118).

For further detail regarding step 116, in an exemplary
embodiment, plurality of ECG leads 202 may include three
precordial ECG leads. Referring again to FIG. 2, the three
precordial ECG leads may include ECG leads V2, V4, and
V6. In an exemplary embodiment, seven electrodes (repre-
sented by V1-V7 in FIG. 2) may be placed on the chest of
patient 210 for recording the three precordial ECG leads.

In further detail with regards to step 118, FIG. 3A shows
a raw ECG signal, consistent with one or more exemplary
embodiments of the present disclosure. In an exemplary
embodiment, ECG recorder 204 may be utilized for record-
ing a raw ECG signal 302. An exemplary ECG recorder may
include a three-lead Holter monitor. In an exemplary
embodiment, ECG recorder 204 may send raw ECG signal
302 to processor 208 to process raw ECG signal 302
according to steps 104-112 of method 100. In an exemplary
embodiment, different steps of method 100 may be stored in
memory 206 to be accessed and executed by processor 208.

Referring again to FIG. 1A, in an exemplary embodiment,
step 104 may include generating a denoised ECG signal by
applying a first wavelet transform on raw ECG signal 302.
FIG. 3B shows a denoised ECG signal, consistent with one
or more exemplary embodiments of the present disclosure.
In an exemplary embodiment, the first wavelet transform
may include a discrete wavelet transform. In an exemplary
embodiment, noises of wavelet coeflicients may be esti-
mated by applying a discrete wavelet transform at on raw
ECG signal 302. Then, by defining an appropriate threshold
level, the noises may be removed and an exemplary
denoised ECG signal 304 may be obtained.

In an exemplary embodiment, step 106 may include
generating an artifact-free ECG signal by applying a second
wavelet transform on denoised ECG signal 304. FIG. 3C
shows an artifact-free ECG signal, consistent with one or
more exemplary embodiments of the present disclosure. In
an exemplary embodiment, the second wavelet transform
may include a discrete wavelet transform. In an exemplary
embodiment, artifact locations may be estimated by apply-
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ing a discrete wavelet transform on denoised ECG signal
304. Exemplary artifacts may be a result of patient’s motion
or contacting with vibrating or electrical tools. In an exem-
plary embodiment, a sliding window may be moved on
denoised ECG signal 304 and a discrete wavelet transform
may be applied on a segment of denoised ECG signal 304
that is inside the sliding window. Then, noises of wavelet
coeflicients may be estimated. Next, by comparing obtained
noise level with a proper threshold, the quality of the
segment inside the sliding window is evaluated. If the noise
level is above the threshold, an artifact may be identified
within the segment. In an exemplary embodiment, this
process may continue until the end of denoised ECG signal
304 and artifact locations may be identified throughout
denoised ECG signal 304. Then, by selecting segments
without any identified artifact, an exemplary artifact-free
ECG signal 306 may be obtained.

In an exemplary embodiment, step 107 may include
generating a filtered ECG signal by applying an FIR filter on
artifact-free ECG signal 306. FI1G. 3D shows a filtered ECG
signal, consistent with one or more exemplary embodiments
of the present disclosure. In an exemplary embodiment, the
FIR filter may include a band-stop filter that may be applied
on artifact-free ECG signal 306 to remove certain frequency
related noises, such as power line noises in a range of bout
48-51 Hz. In an exemplary embodiment, the FIR filter may
further include a high pass filter that may be applied on
artifact-free ECG signal 306 to eliminate low-frequency
noises. By applying the FIR filter on artifact-free ECG signal
306, an exemplary filtered ECG signal 308 may be obtained.
In an exemplary embodiment, filtered ECG signal 308 may
include a plurality of QRS complexes 310. An exemplary
QRS complex of plurality of QRS complexes 310 may
include Q, R, and S edges.

In an exemplary embodiment, step 108 may include
extracting an averaged ECG signal from filtered ECG signal
308. FIG. 3E shows an averaged ECG signal, consistent with
one or more exemplary embodiments of the present disclo-
sure. Extracting an exemplary averaged ECG signal 312
may include extracting five consecutive QRS complexes of
plurality of QRS complexes 310 from filtered ECG signal
308. In an exemplary embodiment, each of the five con-
secutive QRS complexes may be delineated by applying a
stationary wavelet transform (SWT, also known as a’trous
discrete wavelet transform) on filtered ECG signal 308.
Each exemplary QRS complex may correspond to a heart-
beat pulse that may be located between onsets of two
exemplary consecutive P-waves in filtered ECG signal 308.
In an exemplary embodiment, a respective onset of each
P-wave may be detected in filtered ECG signal 308 similar
to delineating an associated QRS complex. Next, five exem-
plary consecutive heartbeat pulses (each being located
between two successive P-wave onsets) may be extracted
from filtered ECG signal 308 and averaged to obtain an
exemplary averaged ECG signal 310. As a result, in an
exemplary embodiment, remaining noises in filtered ECG
signal 308 may be considerably removed in averaged ECG
signal 312. Referring to FIGS. 3D and 3E, in an exemplary
embodiment, averaged ECG signal 312 may be smoother
than filtered ECG signal 308.

Referring again to FIG. 1A, in an exemplary embodiment,
step 110 may include detecting an ST segment 314 and an
isoelectric line 316 in averaged ECG signal 312. In an
exemplary embodiment, ST segment 314 may refer to a
segment in averaged ECG signal 312 between an averaged
QRS complex 318 and a T-wave. In an exemplary embodi-
ment, isoelectric line 316 may refer to a baseline of averaged
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ECG signal 312 where the signal has zero amplitude. In an
exemplary embodiment, ST segment 314 and isoelectric line
316 may be detected by applying an SWT on averaged ECG
signal 312, similar to the aforementioned delineation pro-
cesses.

For further detail with respect to step 112, FIG. 1C shows
a flowchart for determining an existence of CAD in a patient
based on an ST segment and an isoelectric line, consistent
with one or more exemplary embodiments of the present
disclosure. In an exemplary embodiment, step 112 may
include determining an existence of CAD in patient 210
(step 120) responsive to detecting at least one of a plurality
of CAD detection conditions (steps 122, 124, or 126, yes),
and determining a non-existence of CAD (step 128) respon-
sive to not detecting the at least one of the plurality of CAD
detection conditions (steps 122, 124, and 126).

In an exemplary embodiment, detecting the at least one of
a plurality of CAD detection conditions may include detect-
ing one of a depression or an elevation in ST segment 314
with respect to isoelectric line 316 (step 122, yes), detecting
a deformation in ST segment 314 (step 124, yes), or detect-
ing a plurality of abnormal morphologies in the plurality of
averaged ECG signals (step 126, yes).

In further detail regarding step 122, FIG. 1D shows a
flowchart for detecting one of a depression or an elevation
in an ST segment, consistent with one or more exemplary
embodiments of the present disclosure. In an exemplary
embodiment, step 122 may include measuring variations of
ST segment 314 with respect to isoelectric line 316 (step
130), defining a first membership function associated with
the variations of the ST segment (step 132), calculating a
first membership value for the ST segment utilizing the first
membership function (step 134), and determining an exis-
tence of the one of the depression or the elevation in the ST
segment responsive to the first membership value being
equal to or higher than a first threshold (step 136).

For further detail with respect to step 130, variations of an
exemplary ST segment may include a depression or an
elevation. In an exemplary embodiment, a depression may
refer to a decrease of an ST segment’s amplitude below an
associated isoelectric line and an elevation may refer to an
increase of an ST segment’s amplitude above an associated
isoelectric line. For example, referring to FIG. 3E, the
variations of ST segment 314 include a depression since ST
segment 314 lies below isoelectric line 316. In an exemplary
embodiment, measuring ST segment 314 variations may
include calculating an average of ST segment 314 variations
with respect to isoelectric line 316.

In further detail with regards to step 132, FIG. 4 shows a
diagram of a first membership function, consistent with one
or more exemplary embodiments of the present disclosure.
An exemplary first membership function 400 may be uti-
lized for fuzzy decision making over the variations of ST
segment 314. In an exemplary embodiment, first member-
ship function 400 may be obtained empirically by applying
different functions on ST segment 314.

For further detail with respect to step 134, calculating the
first membership value may include applying a measured
value of variations of ST segment 314 to first membership
function 400 and extracting a corresponding output of first
membership function 400 as the first membership value for
ST segment 314.

In further detail regarding step 136, in an exemplary
embodiment, the first membership value may be compared
with a first threshold. An exemplary first threshold may be
set equal to about 0.8 based on examining different threshold
values. In an exemplary embodiment, if the first membership
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value is equal to or larger than the first threshold, an
existence of a depression or an elevation may be determined
in ST segment 314.

Referring again to FIG. 1C, in an exemplary embodiment,
step 124 may include detecting a deformation in ST segment
314. FIG. 1E shows a flowchart for detecting a deformation
in an ST segment, consistent with one or more exemplary
embodiments of the present disclosure. In an exemplary
embodiment, step 124 may include detecting a T-wave and
an initial J-point in averaged ECG signal 312 (step 138),
measuring a difference between the initial J-point and the
isoelectric line (step 140), defining a second membership
function associated with the difference (step 142), calculat-
ing a second membership value for the difference utilizing
the second membership function (step 144), and determining
an existence of the deformation in the ST segment respon-
sive to the second membership function being equal to or
larger than a second threshold (step 146).

For further detail with respect to step 138, referring to
FIG. 3E, an exemplary initial J-point may refer to an onset
of ST segment 314. Therefore, in an exemplary embodi-
ment, detecting the initial J-point may include extracting an
onset J of ST segment 314. In an exemplary embodiment,
detecting the T-wave may include detecting a (positive or
negative) peak T of the T-wave by applying an SWT on
averaged ECG signal 312, similar to detecting ST segment
314. In an exemplary embodiment, detecting the T-wave
may include detecting a type of the T-wave. An exemplary
type of the T-wave may include one of a normal T-wave and
an inverted T-wave. In an exemplary embodiment, a normal
T-wave may refer to a T-wave with a positive peak (i.e., a
local maximum) and an inverted T-wave may refer to a
T-wave with a negative peak (i.e., a local minimum). For
example, the T-wave in averaged ECG signal 312 is a
normal T-wave since it has a positive peak T.

In an exemplary embodiment, method 100 may further
include determining a modified J-point on averaged ECG
signal 312 responsive to detecting an inverted T-wave. An
exemplary J-point modification may include modifying a
location of the initial J-point on averaged ECG signal 312 by
calculating a modified location J,, for the modified J-point
according to an operation defined by the following:

Ju=I—1J5 Equation (1)

where:

J; is a location of the initial J-point on averaged ECG
signal 312, and

f, is a sampling frequency of raw ECG signal 302.

In an exemplary embodiment, Equation (1) may be
empirically obtained by relocating onset J at different modi-
fied locations and examining the impact of different reloca-
tions on the performance of method 100. In an exemplary
embodiment, method 100 may further include replacing the
initial J-point with the modified J-point prior to measuring
the difference between the initial J-point and isoelectric line
316 in step 140 according to Equation (1).

In further detail regarding step 140, in an exemplary
embodiment, measuring the difference between the initial
J-point and isoelectric line 316 may include calculating an
absolute value of averaged ECG signal 312 amplitude at
onset J due to a zero amplitude of averaged ECG signal 312
on isoelectric line 316.

In further detail with regards to step 142, an exemplary
second membership function may be selected similar to or
different from first membership function 400. An exemplary
second membership function may be utilized for fuzzy
decision making over the difference between the initial
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J-point and isoelectric line 316. An exemplary second mem-
bership function may be obtained empirically by applying
different functions on averaged ECG signal 312.

For further detail with respect to step 144, calculating the
second membership value may include applying a measured
value of an exemplary difference between the initial J-point
and isoelectric line 316 to the second membership function
and extracting a corresponding output of the second mem-
bership function as the second membership value for ST
segment 314.

For further detail regarding step 146, in an exemplary
embodiment, the second membership value may be com-
pared with a second threshold. An exemplary second thresh-
old may be set equal to about 0.8 based on examining
different threshold values. In an exemplary embodiment, if
the second membership value is equal to or larger than the
second threshold, an existence of a deformation may be
determined in ST segment 314.

Referring again to FIG. 1C, in an exemplary embodiment,
step 126 may include detecting a plurality of abnormal
morphologies in the plurality of averaged ECG signals. In an
exemplary embodiment, detecting the plurality of abnormal
morphologies may include detecting each of the plurality of
abnormal morphologies in a respective averaged ECG signal
of the plurality of averaged ECG signals.

FIG. 1F shows a flowchart for detecting an abnormal
morphology in a respective averaged ECG signal of a
plurality of averaged ECG signals, consistent with one or
more exemplary embodiments of the present disclosure. In
an exemplary embodiment, detecting each of the plurality of
abnormal morphologies may include detecting an averaged
QRS complex in the respective averaged ECG signal (step
148), detecting an S-wave and an R-wave in the averaged
QRS complex (step 150), detecting an averaged J-point in
the respective averaged ECG signal based on the S-wave
and the R-wave (step 152), extracting an updated QRS
complex from the averaged QRS complex based on the
averaged J-point (step 154), calculating a number of edges
in the updated QRS complex (step 156), and determining an
existence of an abnormal morphology of the plurality of
abnormal morphologies in the respective averaged ECG
signal responsive to a temporal duration of the updated QRS
complex being less than a temporal threshold and the
number of edges being larger than a lower limit (step 158).

For further detail with respect to step 148, in an exem-
plary embodiment, each of the plurality of averaged ECG
signals may include an averaged QRS complex. For
example, referring again to FIG. 3E, averaged ECG signal
312 may include averaged QRS complex 318. In an exem-
plary embodiment, averaged QRS complex 318 may be
detected by applying an SWT on averaged ECG signal 312
similar to detecting plurality of QRS complexes 310 in
filtered ECG signal 308.

In further detail regarding step 150, in an exemplary
embodiment, averaged QRS complex 318 may include an
R-wave and an S-wave. An exemplary R-wave may include
an exemplary edge R' and an exemplary S-wave may include
an exemplary edge S'. Therefore, in an exemplary embodi-
ment, each of the R-wave and an S-wave may be detected by
detecting corresponding edges R' and S, respectively.

For further detail with regards to step 152, in an exem-
plary embodiment, detecting the averaged IJ-point may
include calculating a coefficient cff according to an opera-
tion defined by the following:
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B R, — Iso
- S — Iso

o Equation (2)

where:

R,, is a peak of the R-wave,

S,, is a peak of the S-wave, and

Iso is an amplitude of the isoelectric line.

In an exemplary embodiment, Equation (2) may be
empirically obtained for compensating the impact of differ-
ent shapes of averaged QRS complex 318 on an accuracy of
averaged J-point detection. In an exemplary embodiment,
step 152 may further include setting a width W of a search
range that may satisfy a set of conditions defined by the
following:

0.4f,<W<0.5f,cff=0.1 Condition (1la)

0.3/, <W<0 4, 0.1<cffs1.5 Condition (1b)

0.1£,<W<0.2f,,cff>1.5 Condition (1c)

According to Condition (la), in an exemplary embodi-
ment, width W may be set equal to a value between 0.4f_ and
0.51; responsive to the coefficient cff being smaller than 0.1.
According to Condition (1b), in an exemplary embodiment,
width W may be set equal to a value between 0.3f, and 0.4f,
responsive to the coefficient cff being between 0.1 and 1.5.
According to Condition (1c), in an exemplary embodiment,
width W may be set equal to a value between 0.1f, and 0.2f,
responsive to the coefficient cff being larger than 1.5. In an
exemplary embodiment, the averaged J-point may be
obtained by finding a maximum amplitude of averaged ECG
signal 312 in a range of (t,, t,+W), where t_is a time instance
corresponding to peak S' of the S-wave. In an exemplary
embodiment, point on averaged ECG signal 312 with a
maximum amplitude in the selected range may be selected
as the averaged J-point. Consequently, in an exemplary
embodiment, the initial J-point may be replaced with the
averaged J-point.

For further detail with respect to step 154, after obtaining
the averaged J-point, an exemplary updated QRS complex
may be extracted from averaged QRS complex 318 utilizing
the averaged J-point detected location. In an exemplary
embodiment, the updated QRS complex may include
updated Q, R, and S edges which may be detected on
averaged ECG signal 312 similar to detecting corresponding
edges of averaged QRS complex 318, except that the initial
J-point location may be replaced with the averaged J-point.

In further detail regarding step 156, in an exemplary
embodiment, the number of edges in the updated QRS
complex may be calculated by counting a number of slope
changes in the updated QRS complex. In an exemplary
embodiment, a derivative of the updated QRS complex may
be obtained and a number of zero-crossings of the derivative
may indicate the number of slope changes, and hence, the
number of edges of the updated QRS complex.

For further detail with regards to step 158, in an exem-
plary embodiment, the temporal threshold may be set to 120
ms, which may be an upper limit for a narrow QRS complex.
Therefore, an exemplary precondition for detecting an
abnormal morphology in averaged ECG signal 312 may be
an existence of narrow QRS complex in averaged ECG
signal 312. In an exemplary embodiment, the lower limit for
the number of edges of the updated QRS complex may be set
to 3. In an exemplary embodiment, the lower limit for the
number of edges may be empirically selected by examining
different ECG signals associated with CAD. Therefore, in an
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exemplary embodiment, an abnormal morphology may be
detected in an averaged ECG signal with a narrow averaged
QRS complex that may have more than 3 edges.

In an exemplary embodiment, detecting the plurality of
abnormal morphologies may include detecting the plurality
of' abnormal morphologies in at least 25% of the plurality of
averaged ECG signals. In an exemplary embodiment, the
plurality of averaged ECG signals may include a duration of
at least 10 minutes. Therefore, in an exemplary embodiment,
if at least 25% of the plurality of averaged ECG signals
which have a total duration of at least 10 minutes include
abnormal morphologies, raw ECG signal 302 may be deter-
mined to contain abnormal morphologies. FIG. 3F shows a
plurality of averaged ECG signals 320 that include a plu-
rality of abnormal morphologies 322, consistent with one or
more exemplary embodiments of the present disclosure.

FIG. 5 shows an example computer system 500 in which
an embodiment of the present invention, or portions thereof,
may be implemented as computer-readable code, consistent
with exemplary embodiments of the present disclosure. For
example, method 100 may be implemented in computer
system 500 using hardware, software, firmware, tangible
computer readable media having instructions stored thereon,
or a combination thereof and may be implemented in one or
more computer systems or other processing systems. Hard-
ware, software, or any combination of such may embody
any of the modules and components in FIGS. 1A-2.

If programmable logic is used, such logic may execute on
a commercially available processing platform or a special
purpose device. One ordinary skill in the art may appreciate
that an embodiment of the disclosed subject matter can be
practiced with various computer system configurations,
including multi-core multiprocessor systems, minicomput-
ers, mainframe computers, computers linked or clustered
with distributed functions, as well as pervasive or miniature
computers that may be embedded into virtually any device.

For instance, a computing device having at least one
processor device and a memory may be used to implement
the above-described embodiments. A processor device may
be a single processor, a plurality of processors, or combi-
nations thereof. Processor devices may have one or more
processor “cores.”

An embodiment of the invention is described in terms of
this example computer system 500. After reading this
description, it will become apparent to a person skilled in the
relevant art how to implement the invention using other
computer systems and/or computer architectures. Although
operations may be described as a sequential process, some
of the operations may in fact be performed in parallel,
concurrently, and/or in a distributed environment, and with
program code stored locally or remotely for access by single
or multi-processor machines. In addition, in some embodi-
ments the order of operations may be rearranged without
departing from the spirit of the disclosed subject matter.

Processor device 504 may be a special purpose or a
general-purpose processor device. As will be appreciated by
persons skilled in the relevant art, processor device 504 may
also be a single processor in a multi-core/multiprocessor
system, such system operating alone, or in a cluster of
computing devices operating in a cluster or server farm.
Processor device 504 may be connected to a communication
infrastructure 506, for example, a bus, message queue,
network, or multi-core message-passing scheme.

In an exemplary embodiment, computer system 500 may
include a display interface 502, for example a video con-
nector, to transfer data to a display unit 530, for example, a
monitor. Computer system 500 may also include a main
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memory 508, for example, random access memory (RAM),
and may also include a secondary memory 510. Secondary
memory 510 may include, for example, a hard disk drive
512, and a removable storage drive 514. Removable storage
drive 514 may include a floppy disk drive, a magnetic tape
drive, an optical disk drive, a flash memory, or the like.
Removable storage drive 514 may read from and/or write to
a removable storage unit 518 in a well-known manner.
Removable storage unit 518 may include a floppy disk, a
magnetic tape, an optical disk, etc., which may be read by
and written to by removable storage drive 514. As will be
appreciated by persons skilled in the relevant art, removable
storage unit 518 may include a computer usable storage
medium having stored therein computer software and/or
data.

In alternative implementations, secondary memory 510
may include other similar means for allowing computer
programs or other instructions to be loaded into computer
system 500. Such means may include, for example, a
removable storage unit 522 and an interface 520. Examples
of such means may include a program cartridge and car-
tridge interface (such as that found in video game devices),
a removable memory chip (such as an EPROM, or PROM)
and associated socket, and other removable storage units
522 and interfaces 520 which allow software and data to be
transferred from removable storage unit 522 to computer
system 500.

Computer system 500 may also include a communica-
tions interface 524.

Communications interface 524 allows software and data
to be transferred between computer system 500 and external
devices. Communications interface 524 may include a
modem, a network interface (such as an Ethernet card), a
communications port, a PCMCIA slot and card, or the like.
Software and data transferred via communications interface
524 may be in the form of signals, which may be electronic,
electromagnetic, optical, or other signals capable of being
received by communications interface 524. These signals
may be provided to communications interface 524 via a
communications path 526. Communications path 526 carries
signals and may be implemented using wire or cable, fiber
optics, a phone line, a cellular phone link, an RF link or other
communications channels.

In this document, the terms “computer program medium”
and “computer usable medium” are used to generally refer
to media such as removable storage unit 518, removable
storage unit 522, and a hard disk installed in hard disk drive
512. Computer program medium and computer usable
medium may also refer to memories, such as main memory
508 and secondary memory 510, which may be memory
semiconductors (e.g. DRAMs, etc.).

Computer programs (also called computer control logic)
are stored in main memory 508 and/or secondary memory
510. Computer programs may also be received via commu-
nications interface 524. Such computer programs, when
executed, enable computer system 500 to implement differ-
ent embodiments of the present disclosure as discussed
herein. In particular, the computer programs, when
executed, enable processor device 504 to implement the
processes of the present disclosure, such as the operations in
method 100 illustrated by flowcharts of FIGS. 1A-1F dis-
cussed above. Accordingly, such computer programs repre-
sent controllers of computer system 500. Where an exem-
plary embodiment of method 100 is implemented using
software, the software may be stored in a computer program
product and loaded into computer system 500 using remov-
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able storage drive 514, interface 520, and hard disk drive
512, or communications interface 524.

Embodiments of the present disclosure also may be
directed to computer program products including software
stored on any computer useable medium. Such software,
when executed in one or more data processing device,
causes a data processing device to operate as described
herein. An embodiment of the present disclosure may
employ any computer useable or readable medium.
Examples of computer useable mediums include, but are not
limited to, primary storage devices (e.g., any type of random
access memory), secondary storage devices (e.g., hard
drives, floppy disks, CD ROMS, ZIP disks, tapes, magnetic
storage devices, and optical storage devices, MEMS, nano-
technological storage device, etc.).

The embodiments have been described above with the aid
of functional building blocks illustrating the implementation
of specified functions and relationships thereof. The bound-
aries of these functional building blocks have been arbi-
trarily defined herein for the convenience of the description.
Alternate boundaries can be defined so long as the specified
functions and relationships thereof are appropriately per-
formed.

EXAMPLE

In this example, an implementation of method 100 for
CAD detection is demonstrated. Four specific datasets were
collected from different cohorts of cardiac patients contain-
ing a total of 300 patients in a period of 72 months. The four
aforementioned cohorts of patients consist of 200 patients
from DAY General Hospital in Tehran, Iran, 54 patients
from CHUYV hospital in Lausanne, Switzerland, 20 patients
from Masih Daneshvari Hospital in Tehran, Iran, and 26
CAD-cardiac electrophysiolocal patients from DAY General
Hospital in Tehran, Iran. Also 50 individuals were selected
either from other cardiac patients with no apparent symptom
of coronary artery diseases, or from some young and appar-
ently healthy volunteers as the control (Healthy) group.

Raw ECG signals were obtained before undergoing coro-
nary angiography for a duration of approximately 10 min-
utes with three-lead ambulatory Holter ECG unit. For each
of the cohorts of the CAD patients, coronary angiography
was defined as the gold standard.

The anticipated evaluation population included a group of
individuals of different ages from both sexes. For purpose of
evaluation, such group of participating patients and indi-
viduals had no background of coronary angiography, no
background of percutaneous transluminal coronary angio-
plasty (PTCA) or coronary artery bypass grafting (CABG),
no recorded history of CADs and existing ambulatory holter
ECG recording (at least for 10 minutes) taken at the hospital.

Patients who have such records were eliminated from
population. Therefore, the population were divided into the
two main groups of CAD patients and healthy individuals or
the control group. The group of CAD patents included the
four specific subgroups including a group of patients who
had experienced chest pain and were referred to the CHUYV,
Day and Masih Daneshvari hospitals or cardiologist offices
at these centers and based on the initial findings such as
Troponin test, ECG interpretation or their clinical symp-
toms, were suspected of coronary artery blockage (coronary
artery disease). All these patients were prescribed for
angiography. This group of patients were divided into the
four main subgroups including patients who definitely had
CAD and suffered from acute CAD and had to undergo
CABG, patients who definitely had CAD and suffered from
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acute CAD, however, the quality of the artery occlusion was
such that they did not require CABG, and therefore, the act
of placing a stent or balloon in vessels, or PTCA was
prescribed for them, and patients who had angiography and
suffered from coronary artery occlusion, however, they did
not need invasive therapy, on the other hand, the severity of
occlusion was not insignificant and therefore had not been
ignored and thus, medical follow up was prescribed for this
group, and finally, individuals who had undergone coronary
angiography and their coronary occlusion was negligible,
hence they were considered normal population.

The second group, known as the healthy individuals or the
control group, included the other cardiac patients with no
apparent symptom of coronary artery diseases, and some
young and apparently healthy volunteer students.

The four cohorts of patients included the cohort of cardiac
patients from Day general hospital in Tehran, Iran, that
included a total of 200 patients, cohort of the cardiac patients
from Masih Daneshvari hospital in Tehran, Iran, that
included 20 patients, the cohort of the cardiac patients from
CHUYV hospital in Lausanne, Switzerland, that included a
total of 54 patients, and the cohort of the cardiac electro-
physiological CAD patients from DAY general hospital in
Tehran, that included a total of 25 subjects.

The latter cohort included a group of electrophysiological
patients having either a similar sign or symptom of the CAD,
or having ECG signals resembling known criteria of CAD.
Thus, these patients might incorrectly be diagnosed as CAD
cases. This group of patients usually suffer from Left Bundle
Branch Block (LBBB) or Right Bundle Branch Block
(RBBB) arrhythmia. The Electrocardiogram (ECG) signals
from a total of 25 patients of this cohort was obtained. Since
most of these patients had presented with either typical or
atypical CAD clinical symptoms, they had undergone coro-
nary angiography for a superior assessment. Evaluation of
method 100 with such particular cohort of patient may be
essential because it may be so effective to reduce a false
alarm and consequently increase negative predictive value
accuracy. In this example, the presence of left or right bundle
branch block arrhythmias is estimated using 3 leads of
ambulatory Holter ECGs, and then, the left and right bundle
branch blocks are separated from each other. Thereafter,
CAD cases with bundle branch block arrhythmias are diag-
nosed from normal coronary bundle branch subjects.

Technical specifications of the ECG recorder used for data
gathering process are as follows:

Number of ECG channels: 3 time synchronized differen-
tial inputs

Input resistance: 10 M Ohm/22 nF

Sensitivity: £7 mV

DC stability: £300 mV

Frequency response: 0.05-55 Hz

Resolution: 12 Bit

Sample rate: 200 Hz per ECG channel

An evaluation of method 100 with the available cohorts of
cardiac patients was performed according to the comparison
with the available ten-minute Holter from the normal
coronary individuals. The obtained results are shown in
TABLE 1.
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TABLE 1
Day general Day Masih
hospital general CHUV Daneshvari
electrophysiological hospital hospital hospital
Database database database  database database
Sensitivity 88.9% 90.91% 87.03% 84.6%
(%)
Positive 81.25% 95.24% 94% 88%
predictive
values (%)
Specificity 72.7% 92.31% 94.23% 94.23%
(%)
Negative 92.8% 85.71% 87.5% 92.45%
predictive
values (%)
Average 84% 91.43% 90.56% 91.02%
Accuracy

(%)

While the foregoing has described what may be consid-
ered to be the best mode and/or other examples, it is
understood that various modifications may be made therein
and that the subject matter disclosed herein may be imple-
mented in various forms and examples, and that the teach-
ings may be applied in numerous applications, only some of
which have been described herein. It is intended by the
following claims to claim any and all applications, modifi-
cations and variations that fall within the true scope of the
present teachings.

Unless otherwise stated, all measurements, values, rat-
ings, positions, magnitudes, sizes, and other specifications
that are set forth in this specification, including in the claims
that follow, are approximate, not exact. They are intended to
have a reasonable range that is consistent with the functions
to which they relate and with what is customary in the art to
which they pertain.

The scope of protection is limited solely by the claims that
now follow. That scope is intended and should be interpreted
to be as broad as is consistent with the ordinary meaning of
the language that is used in the claims when interpreted in
light of this specification and the prosecution history that
follows and to encompass all structural and functional
equivalents. Notwithstanding, none of the claims are
intended to embrace subject matter that fails to satisfy the
requirement of Sections 101, 102, or 103 of the Patent Act,
nor should they be interpreted in such a way. Any unin-
tended embracement of such subject matter is hereby dis-
claimed.

Except as stated immediately above, nothing that has been
stated or illustrated is intended or should be interpreted to
cause a dedication of any component, step, feature, object,
benefit, advantage, or equivalent to the public, regardless of
whether it is or is not recited in the claims.

It will be understood that the terms and expressions used
herein have the ordinary meaning as is accorded to such
terms and expressions with respect to their corresponding
respective areas of inquiry and study except where specific
meanings have otherwise been set forth herein. Relational
terms such as first and second and the like may be used
solely to distinguish one entity or action from another
without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The
terms “comprises,” “comprising,” or any other variation
thereof, are intended to cover a non-exclusive inclusion,
such that a process, method, article, or apparatus that com-
prises a list of elements does not include only those elements
but may include other elements not expressly listed or
inherent to such process, method, article, or apparatus. An
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element proceeded by “a” or “an” does not, without further
constraints, preclude the existence of additional identical
elements in the process, method, article, or apparatus that
comprises the element.

The Abstract of the Disclosure is provided to allow the
reader to quickly ascertain the nature of the technical dis-
closure. It is submitted with the understanding that it will not
be used to interpret or limit the scope or meaning of the
claims. In addition, in the foregoing Detailed Description, it
can be seen that various features are grouped together in
various implementations. This is for purposes of streamlin-
ing the disclosure, and is not to be interpreted as reflecting
an intention that the claimed implementations require more
features than are expressly recited in each claim. Rather, as
the following claims reflect, inventive subject matter lies in
less than all features of a single disclosed implementation.
Thus, the following claims are hereby incorporated into the
Detailed Description, with each claim standing on its own as
a separately claimed subject matter.

While various implementations have been described, the
description is intended to be exemplary, rather than limiting
and it will be apparent to those of ordinary skill in the art that
many more implementations and implementations are pos-
sible that are within the scope of the implementations.
Although many possible combinations of features are shown
in the accompanying figures and discussed in this detailed
description, many other combinations of the disclosed fea-
tures are possible. Any feature of any implementation may
be used in combination with or substituted for any other
feature or element in any other implementation unless
specifically restricted. Therefore, it will be understood that
any of the features shown and/or discussed in the present
disclosure may be implemented together in any suitable
combination. Accordingly, the implementations are not to be
restricted except in light of the attached claims and their
equivalents. Also, various modifications and changes may be
made within the scope of the attached claims.

What is claimed is:

1. A computer-implemented method for non-invasive
detection of coronary artery disease (CAD), the method
comprising:

acquiring a raw electrocardiography (ECG) signal asso-

ciated with a patient;

generating, utilizing one or more processors, a denoised

ECG signal by applying a first wavelet transform on the
raw ECG signal;

generating, utilizing the one or more processors, an arti-

fact-free ECG signal by applying a second wavelet
transform on the denoised ECG signal;
generating, utilizing the one or more processors, a filtered
ECG signal by applying a finite impulse response (FIR)
filter on the artifact-free ECG signal, the filtered ECG
signal comprising a plurality of QRS complexes;

extracting, utilizing the one or more processors, an aver-
aged ECG signal of a plurality of averaged ECG signals
from the filtered ECG signal;

detecting, utilizing the one or more processors, an ST

segment and an isoelectric line in the averaged ECG
signal;

determining, utilizing the one or more processors, an

existence of CAD in the patient responsive to detecting
at least one of a plurality of CAD detection conditions,
detecting the at least one of a plurality of CAD detec-
tion conditions comprising:
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detecting one of a depression or an elevation in the ST
segment with respect to the isoelectric line;

detecting a deformation in the ST segment; or

detecting a plurality of abnormal morphologies in the
plurality of averaged ECG signals; and

determining, utilizing the one or more processors, a

non-existence of CAD responsive to not detecting the
at least one of the plurality of CAD detection condi-
tions.

2. The method of claim 1, wherein acquiring the raw ECG
signal comprises:

placing three precordial ECG leads on a chest of the

patient; and

recording the raw ECG signal from the three precordial

ECG leads.

3. The method of claim 1, wherein extracting the averaged
ECG signal comprises extracting five consecutive QRS
complexes of the plurality of QRS complexes from the
filtered ECG signal.

4. The method of claim 1, wherein detecting the one of the
depression or the elevation in the ST segment comprises:

measuring variations of the ST segment with respect to

the isoelectric line;

defining a first membership function associated with the

variations of the ST segment;
calculating a first membership value for the ST segment
utilizing the first membership function; and

determining an existence of the one of the depression or
the elevation in the ST segment responsive to the first
membership value being equal to or higher than a first
threshold.

5. The method of claim 4, wherein detecting the defor-
mation in the ST segment comprises:

detecting a T-wave and an initial J-point in the averaged

ECG signal;

measuring a difference between the initial J-point and the

isoelectric line;

defining a second membership function associated with

the difference;
calculating a second membership value for the difference
utilizing the second membership function; and
determining an existence of the deformation in the ST
segment responsive to the second membership function
being equal to or larger than a second threshold.
6. The method of claim 5, further comprising:
detecting a type of the T-wave comprising one of a normal
T-wave and an inverted T-wave;

determining a modified J-point on the averaged ECG
signal responsive to detecting the inverted T-wave by
modifying a location of the initial J-point on the
averaged ECG signal; and

replacing the initial J-point with the modified J-point prior

to measuring the difference between the initial J-point
and the isoelectric line.

7. The method of claim 6, wherein modifying the location
of the initial J-point comprises calculating a modified loca-
tion J,, for the modified J-point according to an operation
defined by the following:

T =I5,

where:
J; is a location of the initial J-point on averaged ECG
signal, and
f, is a sampling frequency of the raw ECG signal.
8. The method of claim 1, wherein detecting the plurality
of abnormal morphologies comprises detecting each of the
plurality of abnormal morphologies in a respective averaged
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ECG signal of the plurality of averaged ECG signals,
detecting each of the plurality of abnormal morphologies
comprising:
detecting an averaged QRS complex in the respective
averaged ECG signal;
detecting an S-wave and an R-wave in the averaged QRS
complex;
detecting an averaged J-point in the respective averaged
ECG signal based on the S-wave and the R-wave;
extracting an updated QRS complex from the averaged
QRS complex based on the averaged J-point;
calculating a number of edges in the updated QRS com-
plex; and
determining an existence of an abnormal morphology of
the plurality of abnormal morphologies in the respec-
tive averaged ECG signal responsive to:
a temporal duration of the updated QRS complex being
less than a temporal threshold; and
the number of edges being larger than a lower limit.
9. The method of claim 8, wherein detecting the averaged
J-point comprises:
calculating a coefficient cff according to an operation
defined by the following:

_Rm—lso
T Sp—1Iso’

off

where:
R,, is a peak of the R-wave,
S, 18 a peak of the S-wave, and
Iso is an amplitude of the isoelectric line;

setting a width W of a search range equal to a value
between 0.4f, and 0.5f; responsive to the coefficient cff
being smaller than 0.1;

setting a width W of a search range equal to a value
between 0.3f; and 0.4f; responsive to the coefficient cff
being between 0.1 and 1.5;

setting a width W of a search range equal to a value
between 0.1f, and 0.2, responsive to the coefficient cff
being larger than 1.5; and

obtaining the averaged J-point by finding a maximum
amplitude of the respective averaged ECG signal in a
range of (t,, t.+W), where t, is a time instance corre-
sponding to the peak of the S-wave.

10. The method of claim 1, wherein detecting the plurality
of abnormal morphologies comprises detecting the plurality
of abnormal morphologies in at least 25% of the plurality of
averaged ECG signals, the plurality of averaged ECG sig-
nals comprising a duration of at least 10 minutes.

11. A system for non-invasive detection of coronary artery
disease (CAD), the system comprising:

a plurality of precordial electrocardiography (ECG) leads
configured to be placed on a chest of a patient and
acquire a raw ECG signal from the patient;

an ECG recorder configured to record the raw ECG signal
from the plurality of precordial ECG leads;

a memory having processor-readable instructions stored
therein; and

one or more processors configured to access the memory
and execute the processor-readable instructions, which,
when executed by the one or more processors config-
ures the one or more processors to perform a method,
the method comprising:
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receiving the raw ECG signal from the ECG recorder;

generating a denoised ECG signal by applying a first
wavelet transform on the raw ECG signal;

generating an artifact-free ECG signal by applying a
second wavelet transform on the denoised ECG
signal;

generating a filtered ECG signal by applying a finite
impulse response (FIR) filter on the artifact-free
ECG signal, the filtered ECG signal comprising a
plurality of QRS complexes;

extracting an averaged ECG signal of a plurality of
averaged ECG signals from the filtered ECG signal;

detecting an ST segment and an isoelectric line in the
averaged ECG signal;

determining an existence of CAD in the patient respon-
sive to detecting at least one of a plurality of CAD
detection conditions, detecting the at least one of a
plurality of CAD detection conditions comprising:
detecting one of a depression or an elevation in the

ST segment with respect to the isoelectric line;
detecting a deformation in the ST segment; or
detecting a plurality of abnormal morphologies in the
plurality of averaged ECG signals; and

determining a non-existence of CAD responsive to not
detecting the at least one of the plurality of CAD
detection conditions.

12. The system of claim 11, wherein the plurality of ECG
leads comprise three precordial ECG leads configured to be
placed on a chest of the patient.

13. The system of claim 11, wherein extracting the
averaged ECG signal comprises extracting five consecutive
QRS complexes of the plurality of QRS complexes from the
filtered ECG signal.

14. The system of claim 11, wherein detecting the one of
the depression or the elevation in the ST segment comprises:

measuring variations of the ST segment with respect to

the isoelectric line;

defining a first membership function associated with the

variations of the ST segment;
calculating a first membership value for the ST segment
utilizing the first membership function; and

determining an existence of the one of the depression or
the elevation in the ST segment responsive to the first
membership value being equal to or higher than a first
threshold.

15. The system of claim 11, wherein detecting the defor-
mation in the ST segment comprises:

detecting a T-wave and an initial J-point in the averaged

ECG signal;

measuring a difference between the initial J-point and the

isoelectric line;

defining a second membership function associated with

the difference;
calculating a second membership value for the difference
utilizing the second membership function; and
determining an existence of the deformation in the ST
segment responsive to the second membership function
being equal to or larger than a second threshold.
16. The system of claim 15, wherein detecting the defor-
mation in the ST segment further comprises:
detecting a type of the T-wave comprising one of a normal
T-wave and an inverted T-wave;

determining a modified J-point on the averaged ECG
signal responsive to detecting the inverted T-wave by
modifying a location of the initial J-point on the
averaged ECG signal; and
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replacing the initial J-point with the modified J-point prior
to measuring the difference between the initial J-point
and the isoelectric line.

17. The system of claim 16, wherein modifying the
location of the initial J-point comprises calculating a modi-
fied location J,, for the modified J-point according to an
operation defined by the following:

T =I5,

where:

J; is a location of the initial J-point on averaged ECG
signal, and
f, is a sampling frequency of raw ECG signal.

18. The system of claim 11, wherein detecting the plu-
rality of abnormal morphologies comprises detecting each of
the plurality of abnormal morphologies in a respective
averaged ECG signal of the plurality of averaged ECG
signals, detecting each of the plurality of abnormal mor-
phologies comprising:

detecting an averaged QRS complex in the respective

averaged ECG signal;

detecting an S-wave and an R-wave in the averaged QRS

complex;

detecting an averaged J-point in the respective averaged

ECG signal based on the S-wave and the R-wave;
extracting an updated QRS complex from the averaged
QRS complex based on the averaged J-point;
calculating a number of edges in the updated QRS com-
plex; and

determining an existence of an abnormal morphology of

the plurality of abnormal morphologies in the respec-

tive averaged ECG signal responsive to:

a temporal duration of the updated QRS complex being
less than a temporal threshold; and

the number of edges being larger than a lower limit.

19. The system of claim 18, wherein detecting the aver-
aged J-point comprises:

calculating a coefficient cff according to an operation

defined by the following:

_Rm—lso
T Sp—1Iso’

off

where:
R,, is a peak of the R-wave,
S,, is a peak of the S-wave, and
Iso is an amplitude of the isoelectric line;
setting a width W of a search range equal to a value
between 0.4f, and 0.5f; responsive to the coefficient cff
being smaller than 0.1;
setting a width W of a search range equal to a value
between 0.3f; and 0.41, responsive to the coefficient cff
being between 0.1 and 1.5;
setting a width W of a search range equal to a value
between 0.1f, and 0.2, responsive to the coefficient cff
being larger than 1.5; and
obtaining the averaged J-point by finding a maximum
amplitude of the respective averaged ECG signal in a
range of (t,, t,+W), where t, is a time instance corre-
sponding to the peak of the S-wave.
20. The system of claim 11, wherein detecting the plu-
rality of abnormal morphologies comprises detecting the
plurality of abnormal morphologies in at least 25% of the
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plurality of averaged ECG signals, the plurality of averaged
ECG signals comprising a duration of at least 10 minutes.
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